OBJECTIVE: To determine the effects of 16 weeks of resistive training alone (RT) and with weight loss (RTWL) on insulin action, plasma leptin concentrations and leptin's relationship to b b-cell sensitivity to glucose, resting metabolic rate (RMR), and plasma catecholamines in older women. SUBJECTS: Fifteen obese postmenopausal women aged 50 ± 69 y. MEASUREMENTS: Body composition (by dual-energy X-ray absorptiometry), RMR (by indirect calorimetry), insulin action (by 2 h hyperglycemic clamps; 7.9 mmolal above basal plasma glucose levels), plasma leptin and insulin (by RIA), and plasma catecholamines (by enzymatic methods). RESULTS: RT and RTWL resulted in signi®cant improvements in muscular strength (P`0.01) with no changes in maximal oxygen consumption. Body weight, fat mass and percent body fat did not change with RT, but decreased with RTWL (P`0.001). Fat-free mass and RMR increased after training when both groups were combined (P`0.05). The insulin response during the last 20 min of the 2 h hyperglycemic clamps decreased 16% after RT (P 0.05), 43% after RTWL (P`0.05), and 29% in the entire group (P`0.01) without any changes in glucose utilization. Plasma leptin levels did not change after RT, but decreased by 36% after RTWL (P`0.05). Baseline leptin levels correlated with body weight (r 0.68, P`0.01), body fat mass (r 0.77, P`0.001), and RMR (kcalad; (r 0.69, P`0.005), but not with baseline norepinephrine or epinephrine levels. Plasma leptin levels correlated with basal insulin (r 0.73, P`0.005), and approached signi®cance with the 0 ± 10 min and 100 ± 120 min insulin response to hyperglycemia before training (both r 0.51, P 0.07). In the entire group, the change in insulin response from 100-120 min during the clamp correlated with the change in leptin levels (r 0.60, P`0.05), but this was not independent of changes in fat mass. CONCLUSIONS: Although changes in leptin levels were not related to changes in RMR or plasma catecholamines after RT with and without weight loss, the increase in insulin action after training and weight loss may be related to the decrease in leptin levels that were mediated by the loss of body fat in the obese, postmenopausal women.
Introduction
Plasma leptin, a product of the obesity (lep) gene 1 in humans, is positively associated with body fat, plasma insulin and insulin resistance. 2 ± 5 Leptin receptors are present on pancreatic b-cells in rats 6 and injection of leptin in obaob mice suppresses insulin secretion, 7 denoting an interaction between insulin and leptin. There is also evidence to suggest that leptin plays a role in energy expenditure, as metabolic rate and body temperature increase in obaob mice after both acute and chronic leptin administration. 8 ± 10 These changes may be linked to the sympathetic system and leptin infusion increases sympathetic nerve activity in rats. 11 The role of leptin on the regulation of energy expenditure and sympathetic nervous system activity in humans is less clear.
Physical activity in¯uences insulin resistance and sympathetic activity, and is important in the regulation of energy balance. Endurance and resistive training (RT) both improve glucose metabolism in older men and women, 12 ± 16 and increase resting metabolic rate (RMR), norepinephrine levels and norepinephrine appearance rate in older individuals. 17 ± 19 However, the relationship of leptin to changes in insulin response, energy expenditure and norepinephrine levels with RT are unknown. Therefore, this study examines the relationship of plasma leptin to b-cell sensitivity to glucose, RMR and plasma catecholamines in obese sedentary postmenopausal women before and after RT alone and with weight loss (RTWL).
Methods

Subjects
Fifteen women between the ages of 50 ± 69 y who were at least 2 y postmenopausal and not on any medication (including hormone-replacement therapy) were recruited as previously described to participate in the study. 19 All subjects were nonsmokers, free of diabetes 20 and cardiovascular disease by physical examination, blood chemistry pro®le and glucose tolerance test. 20 All methods and procedures were approved by the Institutional Review Board of the University of Maryland, and all subjects provided written informed consent.
Standardized diet
Four weeks prior to the initiation of the study all subjects were instructed on the American Heart Association (AHA) Step I 21 diet by a registered dietitian. Seven of the most obese women by BMI criteria (b27.3 kgam 2 ) 22 underwent individualized dietary counseling and energy restriction (hypocaloric diets) to induce approximately 0.25 ± 0.50 kg weight loss per week during the training period and made up the RTWL group. 19 The remaining eight women had BMI`27.3 kgam 2 and only underwent the exercise training (RT). However, all of these women had a percentage body fat by dual-energy X-ray absorptiometry which would be considered obese (b30%). Despite the fact that the RT women did not follow an energy-restricted diet, all of them except one showed a loss of percent fat after RT. Data will be presented for each group as well as the combined group to examine the effects of RT on body weight and leptin across the continuum of weight loss responses. All subjects were weight stable 2 weeks prior to each testing period.
Resitive training program
The RT program consisted of three exercise sessions per week on nonconsecutive days for approximately 16 weeks using 14 exercises on pneumatic variableresistance machines (Keiser K-300, Keiser Sports Health Inc., Fresno, CA), dumbbells and¯oor exercises. Training began at a resistance of approximately ®ve-repetition maximum (RM) or 90% of 3RM for the ®rst three to four repetitions. Starting with the fourth or ®fth repetition, resistance was reduced on the Keiser equipment just enough to permit the subject to complete a total of 15 repetitions. 19 The training included the exercises performed in the following order: leg press, chest press, leg curl, latissimus pull down, leg extension, overhead press, leg adductor, leg abductor, upper back, triceps, lower back, upper abdominals, biceps curl (dumbbells) and lower abdominals (¯oor). After the entire circuit was completed, a second set of exercises were performed on the leg press, leg curl, and leg extension machines, but only one set was performed on the other exercises. Compliance to the program was b95% and all subjects completed the protocol.
Metabolic testing
All tests were performed at baseline prior to exercise and again upon completion of the 16 week interventions within 22 ± 24 h after the last training session. All body composition measurements and metabolic tests were performed after a 12 h overnight fast.
Body composition and maximal oxygen consumption (VO 2max )
A total body scan was performed with dual-energy X-ray absorptiometry (DXA, Model DPX-L LUNAR Radiation Corp., Madison, WI) as described. 19 Waist circumference, measured at the narrowest point superior to the hip, was divided by the circumference of the hip, measured at its greatest gluteal protuberance, to obtain waist-to-hip ratio (WHR). VO 2max was measured during a continuous treadmill test protocol. 19 
Strength tests
A dynamometer was used to assess upper and lower body torque (Kin-Com 125 E Plus, Chattex Co., Chattanooga, TN). Knee extension of the right side was tested at 30 and 180
as and elbow extension and elbow¯exion of the right side were tested at 45 as, as previously reported. 19 
RMR
RMR was measured for 30 min by the open circuit dilution technique (Sensormedics Model 2900, Sensormedics Inc., Yorba Linda, CA) as previously described. 19 Energy expenditure was calculated by the Weir equation 23 and expressed per 24 h.
Hyperglycemic clamps
Peripheral tissue sensitivity to endogenously secreted insulin and b-cell sensitivity to glucose were measured using the hyperglycemic clamp 24 (7.9 mmolal above basal) before the initiation of the intervention and 24 h after the last exercise session, as previously described. 16 Three arterialized blood samples were drawn from the dorsal hand vein at 10-min intervals starting at À30 min for the assessment of basal glucose and insulin levels; subsequent blood samples were obtained every 2 min for 0 to 10 min and every 5 and 10 min thereafter for 2 h for the determination of plasma glucose (Beckman Glucose Analyzer Instruments, Fullerton, CA) and insulin levels. 16 The hyperglycemic clamp was not performed in two women because of dif®culty obtaining venous access. The CV of plasma glucose levels during all clamps (n 26) was 5.8 AE 2.0 (s.d.).
Chemical analyses
Arterialized blood samples (10 ml) were drawn from a dorsal hand vein for determination of baseline catecholamine and leptin measurements prior to the start of the clamp ($8 am). Samples were drawn in Leptin and resistive training AS Ryan et al duplicate 15 min apart for the catecholamines. The blood samples were placed in pre-chilled heparinized tubes containing reduced glutathione and EDTA for catecholamine measurements and in a prechilled test tube containing 1.5 mg EDTAaml of blood for plasma leptin. The blood samples were centrifuged at 4 C and plasma was stored at À70 C until analysis. All samples for each person were run in duplicate in a single assay. The plasma was assayed by the single isotope radioenzymatic method 25 for determination of norepinephrine and epinephrine levels. The intraassay coef®cients of variation (CV) for norepinephrine and epinephrine were 7% and 9%. Plasma leptin was measured by RIA (Linco, St Louis, MO). The intraassay CV range was 3.4 ± 8.3%.
Statistical analyses
Paired t-tests were used to determine differences in the dependent variables after RT and RTWL. Differences between groups were evaluated using unpaired t-tests. Since leptin and insulin concentrations were not normally distributed, the natural logarithms of these were used. The mean concentration of glucose and insulin was calculated for each sample time point. The trapezoidal rule was used to calculate the integrated response of the ®rst-phase insulin release (0 ± 10 min) and over subsequent 20-min intervals from 20 to 120 min for each subject. The integrated response was divided by its time interval to compute mean concentrations. Glucose utilization (M) for 20-min intervals was calculated from the amount of glucose infused after correction for both glucose equivalent space (glucose space correction) and the amount of urinary glucose loss. Individual slopes for 20 min M and insulin results were derived for each person. The mean slop of M vs insulin was then calculated. We chose the last 20 min of the 2 h clamp because steady-state glucose utilization was observed during this period. Pearson correlation coef®cients were calculated to test for associations among RMR, body composition, plasma catecholamines, leptin and insulin levels. Statistical signi®cance was set at P`0.05 for all tests. All data were analyzed by SPSS statistical software (SPSS Inc., Chicago). All values are expressed as mean AE standard error of the mean (s.e.m.).
Results
Baseline characteristics
Subject characteristics are presented in Table 1 . In the entire group, leptin levels were signi®cantly correlated with body weight (r 0.68, P`0.01), percent body fat (r 0.80, P`0.0005), body fat mass (r 0.78, P`0.0005), and waist circumference (r 0.66, P`0.01) ( Table 3) . The 100 ± 120 min insulin response correlated with the initial weight (r 0.62), percent fat (r 0.60), and fat mass (r 0.63, all P`0.05). Plasma leptin correlated with basal insulin (r 0.78, P`0.005) and approached signi®cance with the 0 ± 10 min and 100 ± 120 min insulin response (both r 0.51, P 0.07). In a stepwise regression analyses with fat mass and plasma leptin, leptin levels were independently related only to basal insulin. Using the same model, body fat mass was the single best predictor of the 100 ± 120 min insulin response. Before training, RMR (kcalad) correlated with body weight (r 0.73, P`0.01), fat-free mass (FFM; r 0.56, P`0.05), percent fat (r 0.71, P`0.01), fat mass (r 0.74, P`0.01) and plasma leptin (r 0.69, P`0.005). The relationship between RMR and leptin remained signi®cant after controlling for FFM (partial r 0.62, P`0.05), but not after controlling for fat mass (partial r 0.27, P 0.35), indicating that the correlation between leptin and RMR is mediated by fat mass. No signi®cant correlations were observed between supine norepinephrine or epinephrine levels with fat mass, FFM, RMR or plasma leptin before training.
Effects of resistive training
There was a signi®cant loss of weight, fat mass, and percent body fat in the RTWL group (P`0.001), but these did not change signi®cantly in the RT group (Table 1) . FFM increased with training in the entire group (P`0.05). VO 2max (1amin) did not change in either group. There was a substantial improvement in muscular strength as a result of training in both groups. The RT and RTWL groups increased 190 and 56% in biceps¯exion, 63 and 61% in triceps extension, 25 and 71% in leg extension at 30 as, and 20 and 35% in leg extension at 180
as, respectively (all P`0.01). Fasting plasma glucose and insulin concentrations were not signi®cantly different after RT and RTWL (Table 2) . M during the clamp also did not change after RT or RTWL. First-phase insulin response (0 ± 10 min) did not change, but the 100 ± 120 min insulin response decreased by 16% in the RT group (P 0.05), 43% in the RTWL group (P`0.01) and 29% in the entire group (637AE 88 vs Leptin and resistive training AS Ryan et al 413AE 69 pmolal, P`0.01). The relationship between insulin concentration and glucose utilization is a good index of peripheral tissue sensitivity to insulin. The slope of M vs insulin increased in both groups combined from 0.06AE 0.02 to 0.14AE 0.01 (P`0.001), indicating that a signi®cant improvement in peripheral tissue sensitivity to endogenously released insulin had occurred. RMR signi®cantly increased after training in the entire group (1300AE 35 vs 1353 AE 37 kcalad, P`0.05). Resting supine arterialized plasma NE levels were higher after RT and RTWL (Table 2 ) and increased by 16% as a result of 16 weeks of training in the entire group, but changes did not reach statistical signi®-cance (1.04 AE 0.08 vs 1.19AE 0.13 nmolal, P 0.15). Epinephrine levels did not change in either group alone or the two groups combined (380AE 108 vs 379AE 92 pmolal).
The change in leptin after RT and RTWL ranged from 0 to À15 ngaml in the entire group, except for one volunteer whose levels increased by 12 ngaml. For unexplained reasons, there is clearly in uncoupling of plasma leptin levels and changes in body fat. Plasma leptin levels did not change after RT, but decreased by 36% after RTWL (P`0.05). Plasma leptin levels signi®cantly decreased by 16% after training in the entire group (18.4AE 2.7 vs 14.8 AE 1.9 ngamL, P`0.05). This reduction in leptin was entirely due to the signi®cant decrease in leptin levels in the RTWL group (P`0.01). There was a disproportionate change in leptin (À36%) relative to the change in fat mass (À15%) in the RTWL group suggesting an uncoupling of plasma leptin from fat mass which may result from weight loss-induced changes in adipocyte cell size and other regulatory factors. We examined the relationships between changes in leptin and body composition and insulin responses across the entire group (Table 4) . The change in plasma leptin correlated signi®cantly with the change in body weight and fat mass (r 0.58 and r 0.67, P`0.05). The change in insulin response from 100 to 120 min during the clamp also correlated with the change in leptin levels (r 0.60), the change in body weight (r 0.66), and the change in fat mass (r 0.63, all P`0.05). In a stepwise regression model, the change in 100 ± 120 min insulin response correlated only with the change in fat mass, not the change in leptin levels, explaining 39% of the variance (P`0.05). The relationship between RMR and leptin levels disappeared after training and there was no relationship between changes in RMR and changes in plasma leptin levels after training. Values are means AE s.e.m. RT resistive training; RTWL resistive training and weight loss; M glucose utilization; RMR resting metabolic rate. *Signi®cantly different from initial, *P 0.05 and **P`0.01. 0.73* 0 ± 10 min insulin response 0.51*** 100 ± 120 min insulin response 0.51*** *P`0.01, **P`0.001, ***P 0.07. RMR resting metabolic rate. 
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Discussion
Leptin administration in obaob mice results in a decline in plasma insulin concentrations 7 and an increase in oxygen consumption; 9,10 implicating a role for leptin in glucose homeostasis and energy balance. The present study was undertaken to examine whether plasma leptin is related to the improvements in insulin action during a hyperglycemic clamp, the increase in RMR, the largest component of total daily energy expenditure, and changes in plasma catecholamines observed after RT and RTWL in older women. Our results indicate that plasma leptin levels decrease after RT that is accompanied by concurrent weight loss, but does not change with RT alone. The increase in insulin action after RT and RTWL was associated with a reduction in leptin levels, but this was not independent of losses in fat mass suggesting that it is the weight loss and not RT per se, that in¯uences plasma leptin and any putative interaction between plasma leptin and other physiological systems. Leptin levels did not correlate with the increase in RMR with RT and RTWL, nor with plasma catecholamines in these postmenopausal women.
Several studies have examined the effects of aerobic exercise training on leptin levels in humans; 26 ± 29 whereas to our knowledge, none have investigated the effects of resistive training. Endurance training resulted in a decrease in leptin levels in men 26 and postmenopausal women 27 that was dependent on changes in body fat mass. Our results con®rm this ®nding that changes in body fat mass (i.e. through weight loss) are necessary to induce a reduction in leptin levels with RT. Together these ®ndings suggest that both aerobic and resistive exercise do not effect plasma leptin independent of changes in body fat. In contrast, there was a decrease in leptin concentrations in females, but not males, after aerobic training, even though there were no changes in fat mass. 28 We con®rmed our previous observation of an association between plasma leptin and fasting insulin levels, independent of adiposity. 4 Moreover, the relationship between the change in second-phase insulin response to the change in leptin (e.g. an increase in insulin action and a decrease in plasma leptin) suggest an inverse association between the two variables. Thus, leptin may be important in the regulation of endogenous insulin response to glucose. Leptin is negatively correlated with glucose uptake in men, but not women. 29 The direct relationship between insulin resistance and leptin in men was also independent of body fat mass. 5 Insulin administration increases leptin production in human adipose tissue, 30 suggesting that insulin may play a role in the elevated leptin levels observed in obesity. Additionally, in human hepatic cells, leptin exposure induced changes in tyrosine phosphorylation of the insulin receptor substrate-1 and other insulin-induced actions. 31 These studies suggest that leptin may have independent effects on insulin action.
The subjects in our study exercised on alternate days of the week so that studies performed at least 24 h after a training session should re¯ect their new lifestyle. Yet, a possible confounder in the changes observed after RT is the effect of the last bout of exercise. A single bout of resistive exercise reduces insulin area under the curve during an OGTT in young healthy subjects and in older diabetics, but does not change the insulin response in older control subjects. 32 However, insulin sensitivity when measured 7 days after the last bout of exercise was improved after 16 weeks of RT. 33 These studies suggest that the effects of RT on insulin action are chronic effects and not only due to the acute effects of the last bout of exercise. Furthermore, an acute bout of exercise probably had little effect on leptin because there is not a substantial caloric expenditure associated with one exercise bout of RT.
Leptin administration increases energy expenditure in rodents, 9,10 but plasma leptin levels were not related to resting energy expenditure in humans. 4, 29 Although, in the present study, plasma leptin levels correlated with RMR before RT and RTWL, the increase in RMR after RT and RTWL did not correlate with the change in plasma leptin. This suggests that leptin does not mediate the increase in RMR after resistive exercise in postmenopausal women. Although leptin increases norepinephrine turnover 34 and thermogenesis 35 in BAT of obaob mice, we found no evidence of a relationship between plasma catecholamines and leptin in humans. Whether leptin is involved in the changes in RMR and plasma catecholamines after RT through other pathways not measured in the present study is unknown. However, because of the large variability in levels of these variables, it may be necessary to examine this in a larger cohort of adults spanning a wider range of body composition.
Conclusions
The increase in insulin action after RT and RTWL is related to changes in leptin levels that appear mediated through reductions in fat mass. Leptin levels were related to resting energy expenditure, but not plasma catecholamines or their changes after RT and RTWT in postmenopausal women. These results suggest that changes in fat mass and leptin may contribute to the improved insulin action with resistive training and weight loss in obese, postmenopausal women. technical assistance. This study was supported by funds from: NIH grants KO1-A600747 (ASR), KO8-AG00494, 1T32-AG00219, K07-AG00608, and P60-AG12583; Geriatrics and Gerontology Education and Research Program at University of Maryland, Baltimore; and Geriatrics Research, Education and Clinical Center (GRECC) Baltimore VAMC and the Department of Veteran Affairs.
